The mechanism of the cytotoxic reaction of leukocytes to Trypanosoma dionisii was investigated. Cytotoxicity was measured by release of [aamTc]pertechnetate from labeled protozoa. Both granulocytes and lymphocytes were found to be cytotoxic to antibody-coated T. dionisii. The reaction was inhibited by diethyldithiocarbamate and by potassium cyanide, both of which inhibit myeloperoxidase. Myeloperoxidase from azurophil granules was toxic to T. dionisii, provided that hydrogen peroxide was also present. Hydrogen peroxide formation was induced in granulocytes and, to a lesser extent, in lymphocytes by antibodycoated T. dionisii. Inhibition of this hydrogen peroxide formation by treatment of the effector cell surface withp-diazobenzenesulfonic acid inhibited cytotoxicity. It is therefore concluded that granulocytes, and probably also lymphocytes, kill T. dionisii with hydrogen peroxide by a peroxidase-mediated reaction. Although hydrogen peroxide and myeloperoxidase alone were also cytotoxic to the lymphoblastoid cell line CLA4, it seems unlikely that this is the cytotoxic mechanism for this process because these cells were unable to induce hydrogen peroxide formation.
Trypanosoma (Schizotrypanum) dionisii is a bat parasite which grows well in culture (5) and is related to Trypanosoma cruzi (4), the etiological agent of Chagas' disease. Cultures of T. dionisii contain both epimastigotes and trypomastigotes (6) ; the cultures used in the present work were more than 95% epimastigotes.
Living cultures of T. dionisii take up ["mTc]-pertechnetate in the presence of unlabeled sodium chromate, and release of the radioactive isotope can be used as a measure of cytotoxicity. Using this labeling procedure, Mkwananzi et al. (22) have shown that human lymphocytes are cytotoxic to antibody-coated T. dionisii. Abrahamson and da Silva (1) used irreversible loss of motility to prove that mouse spleen lymphocytes are cytotoxic to antibody-coated T. cruzi epimastigotes.
These studies have now been extended to demonstrate that human peripheral blood granulocytes are cytotoxic to T. dionisii. A detailed investigation of the cytotoxic reaction has shown that the effector cells produce hydrogen peroxide and peroxidase which together kill T. dionisii in a manner analogous to the killing of bacteria by granulocyte peroxidase and hydrogen peroxide (21) . Comparisons have been made with the cytotoxic reaction of lymphocytes to lymphoblastoid cells.
MATERIALS AND METHODS
T. dionisii. Culture forms of T. dionisii (stock P3), isolated by Baker et al. from bats (5), were grown in liquid medium L4NHS at 28°C for 2 days as previously described (6) . They were harvested, washed three times by suspending and centrifuging at 400 x g for 10 min with tissue culture medium RPMI 1640 (Flow Laboratories Ltd., Irvine, Scotland) containing bicarbonate, 25 mM HEPES (N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid), and 10% fetal calf serum, inactivated at 56°C for 2 h. All manipulations were done in this medium unless otherwise stated.
About 5 x 10(" protozoa were incubated in 0.1 ml of medium with about 1 mCi of sterile ["mTc]pertechnetate eluted from a generator (Radiochemical Centre, Amersham, England) and 0.1 ml of sodium chromate (1.35 jig/ml in phosphate-buffered saline). After incubation at 37°C for 1 h, the organisms were washed repeatedly until the count rate in the supernatant fluid was less than 5% of that in the protozoa.
CLA4 cell line. A lymphoblastoid cell line (CLA4)
was obtained from C. M. Steel (29) . It was grown in RPMI 1640 medium containing bicarbonate, 25 mM HEPES, 10% fetal calf serum, 100 U of penicillin per ml, and 100 ,ug of streptomycin per ml. About 5 x 10'" cells were incubated in 0.1 ml of medium with about 300 XCi of [5" Cr]chromate (Radiochemical Centre). Human peripheral blood leukocytes. Blood samples of 20 to 40 ml were taken by venipuncture from normal individuals and collected in heparin (10 U/ml of blood). A 1/3 volume of phosphate-buffered saline (0.15 M; pH 7.2) and a 1/2 volume of 1% (wt/ vol) methylcellulose in phosphate-buffered saline were added, and the red cells were allowed to sediment at 370C for 10 to 15 min. The leukocyte-rich supernatant fluid was layered onto an equal volume of a solution containing 6.35% (wt/vol) Ficoll 400 and 10% sodium Hypaque (Winthrop Laboratories, Surbiton-uponThames, Surrey, England). After centrifugation for 40 min at 400 X g, lymphocytes were collected from the serum/Ficoll-Hypaque interface, and granulocytes were obtained from the pellet. Any red celis present in the granulocyte pellet were lysed by treatment at 40C for 5 min with 3 ml of a solution containing 0.155 M ammonium chloride, 0.01 M potassium bicarbonate, and 0.1 mM disodium ethylenediaminetetraacetate. Phosphate-buffered saline (7 ml) was then added, and the granulocytes were recovered from the hemolysate by centrifugation. Both lymphocytes and granulocytes were washed with tissue culture medium and suspended in medium, unless otherwise stated, at a concentration of 2 x 106 cells per ml. Samples of each preparation were stained with Leishman stain, and a differential count was made.
Cytotoxicity assays. All materials to be assayed were prewarmed to 370C before mixing, and all handling, including centrifugation, was done at 370C. Target cells were then separated by centrifugation, and the radioactivity of the supernatant fluid and pellet was measured for calculation of the percentage of isotope release from the trypanosomes. All experiments were analyzed initially by analysis of variance on the logarithm of the percentages of isotope released. The variance ratio for the appropriate main effect or interaction and the probability level achieved is given. From the residual mean square of the analysis of variance, the log least significant difference is computed, and the arithmetic difference corresponding to this at appropriate levels of isotope release is given as a guide to a determination of significant differences.
Data are presented in this direct arithmetical way to show the actual, often high, values which are needed to achieve significance. Myeloperoxidase. Azurophil granules from human peripheral blood granulocytes were used as a source of myeloperoxidase. They were a generous gift from Ursula Bretz (7) . The enzyme was assayed by its ability to catalyze the formation of a fluorescent derivative of p-OH-phenyl acetate in the presence of hydrogen peroxide (17) . To (27) .
Hydrogen peroxide determination. An assay system similar to that used for determining peroxidase activity was used to measure hydrogen peroxide production from leukocytes. To a mixture of T. dionisii or CLA4 and effector cells were added 20 tl of p-OHphenyl acetate (2.5 mg/ml in Hanks balanced salt solution) and 20 pl of lactoperoxidase (1 mg/ml). The suspension was incubated at 370C for up to 1 h, and then the cells were removed by centrifugation. The amount of hydrogen peroxide produced was measured from the amount of the fluorescent derivative of p-OH-phenyl acetate formed. Again the wavelengths of the exciting light and of the emitted light were 315 and 425 nm, respectively. The assay system was calibrated with 5 x 10-' M hydrogen peroxide.
RESULTS
Cytotoxicity of granulocytes and lymphocytes. The granulocyte preparations obtained from normal human peripheral blood contained from 91 to 100% granulocytes (mean, 97.7%), of which from 1 to 13% were eosinophils and the remainder were neutrophils. The lymphocyte preparations contained from 53 to 99% lymphocytes (mean, 79%), with monocytes as the principal contaminant.
Both granulocyte and lymphocyte preparations of effector cells induced release of radioactive isotope from T. dionisii (Tables 1 and 2 ). This cytotoxicity was largely antibody dependent, although granulocytes were slightly cytotoxic even in the absence of antibody. Granulocytes were more cytotoxic to T. dionisii than were lymphocytes, both at effector-target ratios of 20:1 and at lower ratios ( Fig. 1) . Release of 800 THORNE, SWENNSEN, AND FRANKS radioactive isotope from antibody-coated T. dionisii induced by granulocytes was even detectable at an effector-target ratio of 1:1. In contrast, only lymphocytes were active against the human cell line CLA4 ( Fig. 1 ), and this activity was absolutely dependent on the presence of antibody (Tables 1 and 2 ). Inhibition of the cytotoxic reactions to T. dionisii As a preliminary step in the investigation of the mechanisms of granulocyte and lymphocyte cytotoxicity to T. dionisii, the effects of various inhibitors on the cytotoxic reactions were determined. In particular, evidence for a role for oxidative and peroxidative reactions was investigated by modifying the formation and utilization of oxidative intermediates. The effect of agents which modify superoxide radical and hydrogen peroxide formation and T. dionisii   1  72  32  30  13  18  20  2  70  39  32  20  13  13  3  83  53  62  25  17  20  4  80  49  22  16  20  21  5  91  24  38  23  20  24   CLA4   1  5  8  25  9  5  8  6  6  5  67  6  5  5  3  8  7  47  7  8  7  4  9  8  65  8  7  7  7  5  4   40  4  3  3 a +Ab, Antibody coated; -Ab, no antibody. utilization are shown in Tables 3 and 4 .
The cytotoxic reactions of both granulocytes and lymphocytes to T. dionisii were markedly inhibited by diethyldithiocarbamate (DETC), a copper chelating agent which inhibits SOD (18) and, thereby, the conversion of superoxide radicals into hydrogen peroxide (14) .
Potassium cyanide, another inhibitor of cytoplasmic SOD, inhibited the cytotoxic reaction of granulocytes, but not lymphocytes, to T. dionisii, but only at a concentration of 25 mM, which could be toxic to granulocytes. A further complication is that this concentration of cyanide alone is somewhat toxic to T. dionisii.
Neither SOD, which catalyzes the formation of hydrogen peroxide from superoxide radicals, nor catalase, which catalyzes the removal of hydrogen peroxide by conversion to oxygen and water, had a marked effect on the cytotoxic reactions. However, T. dionisii may be killed intracellularly by granulocytes in a phagocytic vacuole and would not then be accessible to added enzymes which remain extracellular.
The formation of superoxide radicals by the effector cells could be inhibited by pretreating them withp-diazobenzenesulfonic acid (DBSA). DBSA reacts predominantly with proteins of the cell surface (12) and thereby inhibits the formation of superoxide radicals for release either extracellularly or into the phagocytic vacuole (Tables 5 and 6 ) was markedly different from the effect of inhibitors on the cytotoxic reactions to T. dionisii. Toxicity of lymphocytes toward CLA4 was not inhibited by DETC. Cyanide, even at 2 mM, did, however, inhibit cytotoxicity. Inhibition of surface enzymes with DBSA had similar inhibitory effects on cytotoxicity to CLA4 and to T. dionisii.
Effect of inhibitors on myeloperoxidase .and SOD. Inhibition of cytotoxicity by DETC and KCN suggests the involvement of hydrogen peroxide in the cytotoxic reaction to T. dionisii. The inhibitors could act either on SOD, to inhibit the formation of hydrogen peroxide from superoxide, or on peroxidase, to inhibit the utilization of hydrogen peroxide to induce cell damage. The effect of these inhibitors on myeloperoxidase from azurophil granules is shown in Table 7 . KCN was found to be a moderate inhibitor of myeloperoxidase. In addition, 1 mM KCN caused a 70% inhibition of the activity of SOD, as measured by inhibition of the superoxidemediated reduction of ferricytochrome c. DETC was a very potent inhibitor of myeloperoxidase at concentrations of less than 1/20 of that required to inhibit cytotoxicity. The inhibitory action of both DETC and KCN could, therefore, be explained by their inhibition of peroxidase activity. Because DETC reduced cytochrome c, it was difficult to assess its effect on SOD in the assay system used here. In addition, Heikkila et al. (18) reported that DETC only inhibits SOD if the enzyme is preincubated with DETC for 1 h. The cytotoxicity system does not allow preincubation of any released enzyme with an inhibitor because the target cell is simultaneously the trigger to induce enzyme release as well as the subject of attack. Cytotoxicity of hydrogen peroxide and peroxidase. Because cytotoxicity to T. dionisii is inhibited by inhibitors of the formation of hydrogen peroxide from superoxide and of the utilization of hydrogen peroxide in peroxidasecatalyzed reactions, a primary involvement of hydrogen peroxide and peroxidase in the cytotoxic reaction is indicated. Direct evidence for the cytotoxicity of hydrogen peroxide and myeloperoxidase was obtained by using azurophil granules from human neutrophils as a source of myeloperoxidase. Radioactively labeled target cells were incubated with azurophil granules, which had been broken by freezing and thawing three times in 10 mM acetic acid and 0.9% (wt/ vol) NaCl, and increasing concentrations of hydrogen peroxide. Cytotoxicity was measured from the amount of radioactive isotope released from labeled target cells after a 1-h incubation at 37°C (Tables 8 and 9) . Preliminary attempts to demonstrate cytotoxicity of myeloperoxidase in tissue culture medium were unsuccessful, but, when the experiments were repeated in Hanks balanced salt solution, marked release of isotope from both T. dionisii and CLA4 was obtained. Isotope release was only observed with active enzyme and more than 1O-4 M hydrogen peroxide. DETC inhibited the peroxidase-hydrogen peroxide release of isotope from T. dionisii but not from CLA4. Hydrogen peroxide alone had no direct cytotoxic effect on either T. dionisii or CLA4.
Formation of hydrogen peroxide by granulocytes. To prove that hydrogen peroxide and myeloperoxidase are responsible for the cytotoxic reaction of granulocytes to T. dionisii, it is necessary to demonstrate that granulocytes produce hydrogen peroxide when they encoun- 12 14 Azurophil granules (120 jgof 11 10 protein) Azurophil granules + b DETC (2.5 mM) significantly decreased the isotope release produced by azurophil granules +10-3 M H202, but not to the control value (no additions).
e DETC (2.5 mM) did not decrease isotope release significantly from that produced by azurophil granules +10-3 M H202 from CLA4 cells. antibody-coated T. dionisii, at a ratio of 1 target organism to 1 effector cell, increased the amount of hydrogen peroxide formed by granulocytes and, to a lesser extent, by lymphocytes. The effect was less marked when T. dionisii were not antibody coated. Addition of SOD increased the amount of hydrogen peroxide with both granulocytes and lymphocytes, presumably because superoxide radicals were also formed. Little hydrogen peroxide was detectable in the presence of catalase because catalase dissipated the hydrogen peroxide. Hydrogen peroxide was not formed by DBSA-treated effector cells. T. dionisii alone produced only a low level of hydrogen peroxide. The lymphoblastoid CLA4 cells did not induce the formation of hydrogen peroxide by granulocytes or lymphocytes. Hydrogen peroxide formation by granulocytes occurred rapidly after the addition of T. dionisii (Fig. 2) and was complete in 20 min.
The peroxidase activity of the cells used in the present work was found to be equivalent to 24 pg of lactoperoxidase per mg of cell protein in granulocytes, but only to 1 ,ug of lactoperoxidase per mg of cell protein in lymphocytes. It is, however, possible that the lymphocyte enzyme was not detected under the present assay conditions, either due to use of an unsuitable assay or to physical or chemical inaccessibility. DISCUSSION The cytotoxicity to antibody-coated T. dionisii by human lymphocytes previously observed (22) has now been extended to include human granulocytes. Indeed, granulocytes were found to be more active than lymphocytes in cytotoxicity to antibody-coated T. dionisii. However, the proportion of any cell preparation which can act as effector cells is not known; indeed, lymphocyte preparations are known to consist of several subpopulations, not all of which are cytotoxic for antibody-coated targets. The related protozoan T. cruzi is killed by at least one type of rat granulocyte, the eosinophil (28), in an antibody-dependent system. In the present work, which is related to but is not a direct investigation of Chagas' disease, granulocytes were not separated into neutrophils and eosinophils, but in separate experiments both cell types were found to be active against T. dionisii (data not shown).
The mechanism of the cytotoxic reaction of granulocytes against T. dionisii appears to be similar to the myeloperoxidase-hydrogen peroxide-halide antibacterial system which also kills fungi, viruses, and mycoplasma (21) . Iso-(a) Without SOD VOL. 21, 1978 on October 26, 2017 by guest http://iai.asm.org/ 804 THORNE, SVVENNSEN, AND FRANKS lated azurophil granules from human neutrophils, as a source of myeloperoxidase, together with hydrogen peroxide, are cytotoxic to T. dionisii in the presence of ubiquitous chloride ions. Presumably it is the myeloperoxidase of the granules and not another component which is active, because the activity is absolutely dependent on the presence of hydrogen peroxide. Inactivation of the peroxidase by boiling or with DETC eliminates the toxic activity.
To prove that the cytotoxicity of granulocytes or lymphocytes to T. dionisii involves the peroxidase-hydrogen peroxide system, it is necessary to demonstrate that both substances are produced during the cytotoxic reaction. Myeloperoxidase occurs in the azurophil granules of the granulocytes (7) . Lymphocytes, on the contrary, appear to contain only limited amounts of peroxidase.
Hydrogen peroxide was produced from granulocytes and, to a lesser extent, from lymphocytes at a low rate when they were incubated alone. On addition of antibody-coated T. dionisii, there was a marked rapid increase in hydrogen peroxide production, particularly from granulocytes. Although hydrogen peroxide is also formed by monocytes (23), it seems unlikely that this is the source of hydrogen peroxide in the lymphocyte preparations because in these experiments the level of contamination of lymphocytes with monocytes was only 1%. The amount of hydrogen peroxide formed from granulocytes stimulated with antibody-coated T. dionisii is similar to the amount formed when granulocytes encounter Escherichia coli or other phagocytizable material (24, 25) . A lesser induction of hydrogen peroxide formation by T. dionisii was observed when no antibody was present. Antibody-coated T. dionisii was more sensitive to killing by granulocytes than was T. dionisii lacking antibody; lymphocytes were less active against T. dionisii than were granulocytes.
It is believed that hydrogen peroxide is produced during the oxidation of reduced nicotinamide adenine dinucleotide or reduced nicotinamide adenine dinucleotide phosphate by plasma membrane oxidases (8, 10, 26) . Inhibition of surface enzymes by treatment with DBSA (16) inhibited both hydrogen peroxide production and cytotoxicity to T. dionisii. Others, however, have reported that hydrogen peroxide is generated in leukocyte granules (19, 20) . The superoxide anion (02) is thought to be the initial product of the reaction (2, 16), and superoxide is then converted either spontaneously or by SOD (27) into hydrogen peroxide: 02 + 02 + 2H+ -*02+ H202.
Certainly addition of exogenous SOD in-
creased the amount of hydrogen peroxide formed when granulocytes and lymphocytes encountered antibody-coated T. dionisii. Although it has been postulated that superoxide is toxic to bacteria (15) , it seems unlikely that superoxide itself is cytotoxic to T. dionisii because inhibition of SOD with 10 mM KCN inhibited rather than enhanced cytotoxicity. We have found, in separate unpublished experiments, that, when human granulocytes encounter T. dionisii, the protozoa are rapidly phagocytized by the leukocytes (K. J. I. Thorne, D. Franks, and A. M. Glauert, unpublished data). Even so, it is interesting that isotope is detectable outside the effector cell. Hydrogen peroxide formation by the plasma membrane would therefore occur both extracellularly and in the phagocytic vacuole (9) . The myeloperoxidase of the azurophil granules would then be secreted into the phagocytic vacuole by a fusion mechanism (3) and there catalyze the killing of T. dionisii by hydrogen peroxide. The occurrence of the toxic reactions within a phagocytic vacuole, together with a certain lack of specificity of some inhibitors, complicates interpretation of the effects of inhibitors on cytotoxicity. Neither SOD nor catalase affected cytotoxicity, possibly because, as proteins, they could not penetrate into the phagocytic vacuole. Cyanide inhibited cytotoxicity at a concentration at which it inhibits both SOD and peroxidase. Therefore, it could act either by inhibiting formation of hydrogen peroxide from superoxide or by inhibiting the utilization of hydrogen peroxide by peroxidase. The concentration of DETC which inhibits cytotoxicity is about 20-fold greater than the concentration required to inhibit isolated myeloperoxidase. It is, however, possible that less DETC reaches the phagocytic vacuole than is present outside the cell.
There have been several reports that the combination of hydrogen peroxide and peroxidase is cytotoxic to nucleated mammalian cells (11, 13) . We found CLA4 to be sensitive to peroxidase and hydrogen peroxide. However, because CLA4 did not induce hydrogen peroxide formation by granulocytes or lymphocytes and because inhibitors of peroxidase and of hydrogen peroxide production had little effect on cytotoxicity of lymphocytes to CLA4, it seems unlikely that the peroxidase-hydrogen peroxide system is responsible for the cytotoxicity of lymphocytes to CLA4. It is of interest that Clark and Klebanoff (11) found granulocytes to be toxic to lymphoma cells only if the granulocytes had first been stimulated to secrete their enzymes by uptake of a phagocytizable particle.
The sequence of events in the granulocyte, 
